Aims: Both ecological drift and environmental heterogeneity can produce high beta diversity among communities, but only the effect of drift is expected to be enhanced in communities of small size. Few studies have explicitly tested the influence of community size on patterns of beta diversity. Here we applied a series of analyses aimed at testing the influence of drift versus environmental heterogeneity on beta diversity among tree communities on islands of variable size.
| INTRODUCTION
Beta diversity among communities (i.e., site-to-site variability in species composition) can be caused by ecological drift (stochastic demography) and by environmental heterogeneity (via spatially variable selection) (Baldeck, Tupayachi, Sinca, Jaramillo, & Asner, 2016; Chase, 2010; Chase & Myers, 2011; Segre et al., 2014) . Assessing the influence of these two processes on beta diversity has been a persistent issue in ecology (Chase & Myers, 2011; Legendre et al., 2009; Püttker, de Arruda Bueno, Prado, & Pardini, 2015; Ruokolainen, Ranta, Kaitala, & Fowler, 2009) , with tests focusing mainly on null models and multivariate statistics of species composition data, with or without environmental data (Liu et al., 2016; Ovaskainen et al., 2017; Tucker, Shoemaker, Davies, Nemergut, & Melbourne, 2016; Vellend et al., 2014) . However, statistical deviations from a null hypothesis or model (e.g., showing that species occurrences are not randomly distributed across sites) do not typically permit one to distinguish between ecological drift and environmental heterogeneity (Chase, Kraft, Smith, Vellend, & Inouye, 2011; Rosindell, Hubbell, He, Harmon, & Etienne, 2012; Vellend et al., 2014) .
Compared to ecological drift, selection caused by environmental heterogeneity is fairly straightforward to detect, for example as systematic correlations between species composition and environmental conditions independent of spatial autocorrelation (Clark, 2009; Holyoak, Leibold, & Holt, 2005; Liu et al., 2016; Wang, Fang, Tang, & Shi, 2012) , or deterministic advantages of some species over others under particular conditions (Franklin et al., 2013; Lasky et al., 2013) .
The key parameter that determines the strength of ecological drift in theoretical models is community size, with ecological drift being more important in smaller communities (Hubbell, 2001) , even in the presence of competitive differences (i.e., biotic selection) among species (Orrock & Watling, 2010) . Reviewing empirical studies of historical contingency in community assembly, Fukami (2010) indeed found evidence that community dynamics appeared more stochastic (i.e., ecological drift was more important) in smaller communities. Models and meta-analysis also indicated that reduced immigration and habitat size, via the reduction and isolation of habitat, should increase the influence of ecological drift (Catano, Dickson, & Myers, 2017; Hubbell, 2001 ), leading to increased beta diversity among small islands or habitat fragments compared to continuous or mainland communities (Baynes et al., 2016; Stuart, Losos, & Algar, 2012) . Thus, explicitly incorporating community size into analyses should enhance our ability to test the importance of ecological drift versus selection processes on community assembly (Vellend, 2016) .
Ecological drift is expected to increase beta diversity among communities of small size, with variation in species composition unrelated to environmental conditions (Hubbell, 2001; Myers & LaManna, 2016; Silva, Souza, Jardim, & Goto, 2015) . Thus, the strength of composition-environment relationships (i.e., the variance in species composition explained by environmental variables) is as an indicator of the impact of environmental selection on species composition (Legendre & Legendre, 2012; Vellend et al., 2007) . If ecological drift determines much of species composition in small communities, we therefore expect not only higher beta diversity among smaller communities, but also weak relationships between species composition and environmental variables compared to larger communities (Vellend, 2016) . However, very few studies have tested these predictions between small and large communities.
Beta diversity can be quantified directly via many different multivariate indices of compositional dissimilarity (Legendre & Legendre, 2012) , and it also is expected to manifest in patterns in the accumulation of species with cumulative island area. Under ecological drift, we expect the cumulative number of species to increase faster when accumulating island areas from smallest-to-largest than from largestto-smallest. This is because small communities (with limited dispersal among them) should diverge in species composition more than better connected portions of large communities (Fukami, 2010) .
Some studies have interpreted this pattern as revealing greater environmental heterogeneity among small islands than among equal-area portions of large islands, but without direct environmental data to support the interpretation (Fahrig, 2017; Tscharntke, Steffan-Dewenter, Kruess, & Thies, 2002) . If environmental heterogeneity drives a difference between small and large islands with respect to species accumulation with area, we should also expect a steeper increase in environmental heterogeneity itself with cumulative area for small versus large communities.
One factor that complicates comparisons of beta diversity among habitat units (e.g., islands) is environmental heterogeneity within habitat units (Silva et al., 2015) . Imagine a scenario in which the range of environmental conditions on a given small island (let's say 1 ha) is the same as an equal-area portion of a large island, and that the magnitude of environmental differences among 1-ha land areas is independent of island size. In this case, large islands of many hectares will each tend to have a similar (and broad) range of environmental conditions, while small islands will each be more environmentally distinct, thus leading to a negative effect of island size on beta diversity, as predicted by ecological drift (Myers & LaManna, 2016) . It is thus important to control for the total contiguous sampling area, and thus for intra-island environmental heterogeneity, as well as the number of individuals sampled across islands, when testing for signatures of ecological drift in patterns of beta diversity among islands (Myers et al., 2013; Phillips, Halley, UrbinaCordona, & Purvis, 2017) . However, this has rarely been done in the literature.
Here we focus on testing for the effects of ecological drift and environmental heterogeneity in explaining high beta diversity among small island communities. We studied successional woody plant communities in a sample of 29 islands among >1,000 islands created 60 years ago via creation of a hydroelectric reservoir in Zhejiang Province, China (Figure 1) (Yu, Hu, Feeley, Wu, & Ding, 2012) . Dam formation created communities (islands) of widely variable size. We applied a sequence of tests on our dataset, which includes species presences and abundances, locations of individual trees and environmental variables on each island. First, using the raw data (i.e., not
accounting for the number of individuals or contiguous area sampled), we tested for-and found-greater beta diversity among small islands than among large islands. We then conducted three analyses focused on distinguishing effects of ecological drift and environmental heterogeneity: (a) We repeated the beta-diversity test just described using resampling procedures to control for the number of individuals and contiguous sampling area (i.e., controlling for intraisland environmental heterogeneity). (b) We tested the strength of composition-environment relationships on small versus large islands.
(c) We compared the rate of increase in environmental heterogeneity with cumulative area on small versus large islands.
| MATERIALS AND METHODS

| Study site
Thousand Island Lake (TIL), in Zhejiang Province, China (29°22′-29°50′N, 118°34′-119°15′E) is comprised of 1,078 land-bridge islands ≥0.25 ha (Yu et al., 2012) (Figure 1 ). TIL is a large hydroelec- 
| Data collection
We surveyed tree communities on 20 small islands (<1 ha) and nine large islands (>1 ha) in 2014 and 2015 ( Figure 1 , Table 1 ). On small islands, we surveyed the entire forest-covered area (its boundary is 105 m above sea level), ranging from 175 m 2 to 6,950 m 2 ; on large islands, we surveyed 0.5-1.5 ha plots of the forests, positioned from the island edge to the interior zone with 2-3 adjacent transects (Table 1 ; See Appendix S1). Species accumulation curves showed that the surveys on the largest island were complete (Yu et al., 2012) . On all islands, data were collected in all 5 × 5 m subplots (See Appendix S1). All trees with a diameter at breast height (DBH)
≥1 cm were tagged, measured, identified, and mapped in the sub- Holland). MWHC, soil density, and RPM were measured using a ringcut at each sampling location following the methods of Viji and Rajesh (2011) . The top organic horizon was removed before soil sampling.
| Data analysis
We first calculated pairwise Bray-Curtis indices of compositional dissimilarity on the raw data for all pairs of small or large islands (Barwell, Isaac, & Kunin, 2015) . As a preliminary analysis, we tested for an influence of geographic distance on pairwise Bray-Curtis dissimilarity using Mantel tests for all pairs of islands, pairs of small islands, pairs of large islands and small-large pairs of islands separately. We used Anderson's (2006) PERMDISP analysis of homogeneity of multivariate dispersions (a straightforward multivariate extension of Levene's test) to test for a difference in compositional dissimilarity (beta diversity) among small versus large islands.
The smallest number of trees on a given island was 128 and the surveyed area of the smallest island was 175 m 2 (i.e., seven 5 × 5 m plots). Because average pairwise dissimilarities may fail to characterize compositional heterogeneity among several sites (Baselga, 2013) , we calculated the abundance-based multiple-site dissimilarity based on the Bray-Curtis index (Baselga, 2017) among small islands and among large islands separately. We did so for each of 1,000 random samples of 128 individuals or sets of seven adjacent 5 × 5 m subplots (i.e., a contiguous 175 m 2 ; see example in Appendix S1) in a random sample (without replacement) of nine small islands (i.e., the same number as there were large islands) and the full set of nine large islands. To conduct the significance test for community dissimilarity between small and large islands when controlling the number of individuals sampled and continuous sampling area, we used a null model (Gotelli & Graves, 1996) as follows. In each of the 1,000 loops of our simulation, we randomly selected either a fixed number of individuals (128) or contiguous subplots (7) on all islands and then:
(a) We calculated the observed abundance-based multiple-site dissimilarity index for small (β obs.small ) and large (β obs.large ) islands separately, as well as the difference, D obs = β obs.small − β obs.large ; (b) We randomly shuffled the island labels "small" and "large," and recalcu- To further test the effects of habitat heterogeneity within islands on within-island beta diversity (i.e., among subplots on an island), we This area includes portions of non-forested land exposed below the high-water line.
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| 2255 randomly selected seven 5 × 5 m subplots on each island 1,000 times and calculated the mean Bray-Curtis index of multiple-site dissimilarity, and then we tested for a correlation between the mean Bray-Curtis index and island area using linear regression.
We used canonical correspondence analysis (CCA) to predict species composition based on the nine environmental variables (Legendre & Legendre, 2012; Vellend et al., 2007) . CCA was first conducted for the full set of islands to identify a smaller set of significant predictors of species composition (among the nine variables).
We then used these significant predictors (i.e., soil depth, SDEP, and litter-layer depth, LLD) in the analyses of small and large islands separately. This analysis runs a potential risk of biasing results in favour of stronger species-environment relationships for small islands, given their greater sample size. To verify robustness, we applied a second method of variable reduction. Specifically, we conducted a principal component analysis (PCA) on all nine environmental variables (i.e., standardized variables) to capture differences in environmental variables between islands, regardless of how well these variables predicted species composition. We then selected the first two principal components (PCs), which accounted for 93.85% of the total environmental variance among islands, for use in CCAs. In the CCAs, the sum of the eigenvalues for the constrained axes divided by the sum of all eigenvalues provides a measure of the proportion of variation in community composition accounted for by the selected environment variables or PCs, and thus the strength of the composition-environment relationship (Legendre & Legendre, 2012) . Because the proportion of explained variance can depend on sample size (Vellend et al., 2007) , we conducted CCAs using 1,000 random samples of nine small islands without replacement (i.e., the same number as there were large islands). We also controlled for the number of individuals and continuous sample area as described above for beta diversity. When controlling for the number of individuals, the mean value of each environment variable across the entire island was used. When controlling for continuous sample area, the mean value of each environment variable in the selected seven adjacent subplots was used. We also used the permutation of large/small island labels, as described above, to test for a significant difference between small and large islands in terms of the proportion of variance in community composition that was explained by environmental variables.
Results were similar when using either the two PCs or the two selected environmental variables (i.e., SDEP and LLD) (See Appendix S2), so in the main text we report only the results using SDEP and LLD.
Finally, if environmental heterogeneity drives higher beta diversity, we expect more rapid accumulation of both species richness and environmental heterogeneity with cumulative island area for islands ordered smallest-to-largest than for islands ordered largestto-smallest. To quantify the accumulation of environmental heterogeneity with cumulative island area, we calculated the multiple-site environmental dissimilarity from among 3, 4, 5, …, 29 islands ordered smallest-to-largest or largest-to-smallest. Multi-site environmental dissimilarity was calculated in the same way as the multi-site Bray-Curtis method, but using the significant environmental variables (i.e., SDEP and LLD) instead of species abundances. The environmental factors were first standardized to range from 0 to 1.
All analyses were conducted using R software (version 3.1.2, R Foundation for Statistical Computing, Vienna, Austria) with the packages vegan, ecodist, and betapart.
| RESULTS
Using the raw data, multivariate dispersion (beta diversity) was significantly greater among small islands than among large islands ( Environmental dissimilarity (i.e., accumulation of environmental heterogeneity) was greater for sets of small islands than for sets of large islands with equivalent cumulative area, and species accumulation showed the same pattern ( Figure 6 ; See Appendix S3).
| DISCUSSION
Beta diversity can be generated by deterministic selection (i.e., different groups of species are favoured in different environments), by neutral processes (i.e., drift with limited dispersal), or by the interaction of these two classes of process (Baldeck et al., 2016; Chase, 2010; Chase & Myers, 2011; Segre et al., 2014) . In order for drift to cause divergence in species composition among islands, amongisland dispersal has to be low enough that it is not a strong homogenizing force (Hubbell, 2001; Vellend et al., 2014 ). Here we found no relationship between compositional dissimilarity and distance among the islands (Figure 2 ), which by itself provides little insight into dispersal: this pattern can arise if dispersal is very low even among nearby islands, or if dispersal is effectively "global," connecting all islands equally. In this study, with a matrix of water, seed dispersal is likely to be quite limited, although direct studies of seed dispersal in this system are needed to further test the interaction of dispersal, drift and selection.
Drift is expected to increase compositional dissimilarity among small islands over time, more than among large islands, due to the stochastic divergence in species composition (Fukami, 2010; Orrock & Watling, 2010; Vellend, 2016) . In our study system, analysis of raw data was consistent with this prediction, showing that community dissimilarity was greater among small islands than among large islands ( Figure 2) ; the same trend was observed when controlling for the number of individuals (a potential sampling effect) (Figure 3a) .
However, as explained in the introduction, relatively high | 2257 compositional dissimilarity can also be caused by greater environmental heterogeneity among small islands (Leibold et al., 2004) , if large islands each contain a similar range of microenvironments found across several small islands. After controlling for this possible effect by comparing equal-area portions of small and large islands, we found no significant difference in community dissimilarity between large and small islands (Figure 3b,c) . This result suggests that the higher composition dissimilarity found for small than large islands using the raw data was caused by greater environmental heterogeneity among small islands rather than ecological drift, thus underscoring the need to control for sampling area when testing for statistical signatures of drift. Studies to date have typically ignored the sampling effect or used only one of the resampling strategies (i.e., controlling for number of individuals/species or controlling for spatial grain size) in beta diversity analysis (Barton et al., 2013; Myers et al., 2013; Socolar, Gilroy, Kunin, & Edwards, 2016) .
If environmental heterogeneity is higher within large islands than within small islands, we would expect higher compositional dissimilarity within large than small islands. However, we found there was no trend between compositional dissimilarity within islands and island area ( Figure 4 ). One possible explanation is greater dispersal among portions of large islands than among small islands. In addition to portions of large islands being in close proximity, previous studies in this system found a greater representation of small-seeded plants on large versus small islands (unpublished data), as well as larger populations of seed-dispersing animals (Si, Baselga, Leprieur, Song, & Ding, 2016) .
Beta diversity among subplots in large islands may thus be decreased by the mass effect (Holyoak et al., 2005) .
−2 0 2 4 6 0.5 0.6 0.7 0.8 0.9 log(Island area,ha) Dissimilarity within islands F I G U R E 4 Relationship between the abundance-based dissimilarity within islands and island area. Seven plots (i.e., 5 × 5 m) were randomly selected 1,000 times on each island (except the smallest) with which we calculated the Bray-Curtis multiple-site dissimilarity index. Points show the M ± SD for each island. The line was fitted by linear regression on the mean values (R 2 = 0.08; To further test the influence of environmental heterogeneity on beta diversity, we directly incorporated environmental variables into multivariate analyses. Overall, environmental variables explained 50% of the variance in species composition across all islands, with the main explanatory factors being soil depth (SDEP) and litter layer depth (LLD) ( Table 2) . Environmental filtering clearly has a strong influence on species composition, as it does in many systems (Soininen, 2014) . If ecological drift is sufficiently strong on small islands, then we expect relatively weak composition-environment relationships on small islands relative to large islands: specifically, environment variables should explain less variance in species composition on small than on large islands (Vellend, 2016) . To our knowledge, there are very few empirical tests of this prediction (Alexander et al., 2012; Vellend, 2016) . Vellend (2016) reported preliminary analyses of data for savanna fragments on Vancouver Island (Lilley & Vellend, 2009 ) and for forest fragments in New York State (Vellend, 2004) , finding support for this prediction, with slightly greater proportions of compositional variation accounted for by environmental variables in larger habitat patches. However, the results of our study do not support this prediction, with or without controlling for the number of individuals or contiguous sampling area; indeed, trends were in the opposite direction ( Figure 5 ). As such, drift does not seem strong enough to obscure composition-environment relationships on small islands in our system.
Finally, again consistent with the environmental heterogeneity hypothesis, both the number of species and environmental heterogeneity accumulated faster among small islands than among large islands ( Figure 6 ), as found in some other studies (Fahrig, 2017; Tscharntke et al., 2002) . From a previous study in this system, we know that communities on small islands are not simply a random subset of those on large islands (Hu, Feeley, Wu, Xu, & Yu, 2011) , presumably because of distinct environmental conditions (Tscharntke et al., 2002) .
The results from analysing the raw data (and when controlling for the number of individuals-a potential sampling effect) showing a pattern consistent with ecological drift-greater beta diversity on small islands-was misleading. When controlling for contiguous sampling area, and thus for intra-island environmental heterogeneity, the difference in beta diversity between small and large islands disappeared. Finally, the strength of the composition-environment relationship was not significantly weaker for small islands and environmental heterogeneity increased faster with island area among small islands than among large islands. These results thus indicate that high beta diversity among small islands is due to environmental heterogeneity rather than ecological drift, while emphasizing the need to control for sampling area when aiming to test predictions based on ecological drift.
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